Abstract The in vivo activity of tigecycline was evaluated in an experimental pneumonia model (C57BL/6 mice) by Acinetobacter baumannii. Two clinical strains were used: minimum inhibitory concentrations (MICs) of imipenem and tigecycline 1 and 2 µg/mL (imipenem-susceptible, IPM-S), and 8 and 2 µg/mL (imipenem-intermediate, IPM-I), respectively. For imipenem (30 mg/Kg), ∆T/CMI (h) were 1.04 and 0.51 for IPM-S and IPM-I, respectively. For tigecycline (5 mg/Kg), the area under the concentrationtime curve (AUC)/MIC 0-24 h (serum and lung) were 9.24 and 4.37 (for the two strains), respectively. In the efficacy experiments with the IPM-S, imipenem (log CFU/g 3.59± 0.78, p = 0.006) and tigecycline (2.82 ± 1.2, p = 0.054) decreased the bacterial counts in lungs with respect to its controls; with the IPM-I, both imipenem (1.21±0.52, p= 0.002) and tigecycline (3.21±0.28, p=0.035) decreased the bacterial counts with respect to the controls. In the survival experiments, with the IPM-S, the mortality was the same in the control (67%) and in the tigecycline (77%) groups, and imipenem reduced it (21%, p=0.025); with the IPM-I, the mortality was the same in the control (87%) and in the tigecycline (85%) groups, and imipenem (0%) reduced it (p<0.001). In summary, the present study shows that tigecycline is less efficacious than imipenem in the treatment of experimental A. baumannii pneumonia caused by IPM-S and IPM-I strains.
Introduction
Acinetobacter baumannii is a common nosocomial pathogen, especially in intensive care units, causing a great number of clinical conditions, being pneumonia or bacteremia the more frequent infections [1, 2] . In the last several years, multi-resistant strains are frequent [1, 3] and, with the recent reports of outbreaks of colistin-resistant A. baumannii isolates [4] , new antimicrobial agents have been searched.
Recent studies have shown that tigecycline exhibits potent activity against organisms isolated from hospitalized patients, including multidrug-resistant nonfermentative gram-negative bacilli, among others [5, 6] . Specifically, tigecycline was in vitro-active against A. baumannii strains, including those resistant to imipenem, being bacteriostatic in the time-kill studies [7] . In the treatment of multiresistant A. baumannii ventilator-associated pneumonia (VAP), three patients were cured with tigecycline in monotherapy and 15 out of 19 patients (78.9%) were cured when treated with tigecycline plus imipenem and/or colistin [8] . Data from more studies are needed before tigecycline can be recommended for the treatment of Acinetobacter infections.
The purpose of this study is to compare the efficacy of tigecycline and imipenem in a murine pneumonia model caused by A. baumannii strains susceptible and intermediate to imipenem.
Materials and methods
We used two A. baumannii strains collected from blood cultures, corresponding to the more prevalent clones isolated in our hospital: imipenem-susceptible strain (IPM-S, 953, minimum inhibitory concentration [MIC] imipenem=1 mg/L, tigecycline=2 mg/L), and imipenemintermediate strain (IPM-I, 1514, MIC imipenem=8 mg/L, tigecycline=2 mg/L).
Imipenem (laboratory standard powder) and imipenem plus cilastatin (IPM) were obtained from Merck Sharp & Dohme (Madrid, Spain) for the in vitro and the in vivo experiments, respectively, and tigecycline (TGC) from Wyeth-Ayerst (Pearl River, NY, USA).
The animals used were immunocompetent C57BL/6 female mice weighing 14-16 g (University of Seville's facility) and had a sanitary status of murine pathogen-free (MPF).
Drug pharmacokinetics
The plasma levels of imipenem were determined after the administration of a single intramuscular (im) dose of 30 mg/Kg. The plasma and lung (homogenate) levels of tigecycline were determined after the administration of a single subcutaneal (sc) dose of 5 mg/Kg. Blood and lungs were extracted from three anesthetized mice per time-point. The total plasmatic drug concentrations and the total drug concentrations in the lung were measured for triplicate by the bioassay method, using Micrococcus luteus ATCC 9341 for imipenem and Bacillus cereus ATCC 9634 for tigecycline as the indicator strains. The intraday and interday variation of the assays were 2.6%±2.4% and 3.2%±1.9% for imipenem, and 3.5% ± 2.6% and 4.5% ± 1.1% for tigecycline; the linearity (r 2 ) of the assay was 0.91±0.02 and 0.92± 0.32, respectively, and the lower limits of detection were 0.01 and 0.1 mg/L. The maximum plasma concentration (C max , mg/L) and terminal half-life (t 1/2 , h) were calculated. The time during which the plasma concentration remained above the MIC (ΔT/MIC, h) was estimated by extrapolation from the regression line of plasma elimination.
Experimental pneumonia model in mice
A modification of the Esposito and Pennington model performed by our group [9] was used to produce pneumonia. The animals were inoculated with 50 μl of the A. 
Survival experiments
Because in this model the mortality in the control group is near 100% at 72 h, the influence on the mortality of the different treatments was evaluated in this period, in groups of 15 mice.
Efficacy experiments
To evaluate the efficacy of antimicrobials in the clearance of bacteria from lungs, efficacy experiments were performed. Groups of five mice were sacrificed at 4 h after the infection, before the beginning of treatments (control groups), and groups of five mice were sacrificed every 24 h, 4 h after the last dose in the case of IPM and 12 h after the last dose in the case of tigecycline (treatment groups). At these time-points, the surviving mice were sacrificed and thoracotomy was carried out; the lungs were removed, weighed, and processed for quantitative cultures. The results were expressed as the log 10 CFU/g of tissue.
In order to confirm that imipenem and tigecycline were not toxic to the animals, groups of ten non-infected mice were each given the antibiotics for 72 h. The use of the experimental pneumonia model was approved by the Ethics Committee of the Hospital Universitario Virgen del Rocío, Sevilla, Spain.
Statistical analysis
The numbers of surviving animals were evaluated with Fisher's exact test. The CFU/g of lung tissue was analyzed using the Kruskal-Wallis test. The SPSS v13.0 statistical package (SPSS Inc., Chicago, IL, USA) was used. A pvalue<0.05 was considered to be significant.
Results and discussion
The pharmacokinetic/pharmacodynamic parameters of each antimicrobial drug (C max , t 1/2 , AUC, ∆T/MIC, and AUC 0-24 h / MIC) are shown in Table 1 .
In the survival experiments (Table 2) , with both strains IPM-I and IPM-S, only imipenem reduces the mortality with respect to the control groups (0 and 21% in the imipenem groups and 87 and 67% in the controls, respectively, p≤0.025); imipenem was better than tigecycline in both groups (p≤0.007).
In the bacterial clearance from the lungs experiments ( Fig. 1) , with the IPM-I strain, for the imipenem-treated group, there was a decrease of the bacterial counts from controls (p=0.002). In the tigecycline-treated group, the treatment cleared the lungs compared to the control group (p=0.035). With the IPM-S strain, in the imipenem-treated group, there was a decrease of the bacterial counts (p= 0.006) and in the tigecycline-treated group, the bacterial lung concentration decreased to 2.82 log CFU/g (p=0.054).
These results show that, in general, imipenem is more active than tigecycline in this experimental pneumonia model caused by A. baumannii with the doses examined. Tigecycline decreased the bacterial count in the lung for the strain intermediate to imipenem with respect to the controls. However, in the in vivo experiments performed with the strains susceptible and intermediate to imipenem, imipenem was better than tigecycline regarding the mortality and clearance of bacteria from the lungs.
Different studies in experimental A. baumannii pneumonia models had shown that imipenem was the most active antimicrobial, including infections caused by susceptible and intermediate strains [9, 10] . Different works showed the high in vitro activity of tigecycline from multi-resistant pathogens, including A. baumannii [5, 6] , which is of particular importance because of the high frequency of multi-resistant strains [1, 3] , with a high number of strains only susceptible to colistin [1, 11, 12] or the appearance of pan-resistant A. baumannii isolates [13, 14] . In a previous in vitro study on the activity of imipenem and tigecycline against 49 isolates of A. baumannii, the MIC 90 values were 128 and 2 mg/L, respectively; however, in the time-kill studies, tigecycline was bacteriostatic [7] . The limited efficacy of tigecycline in the experimental pneumonia model may be explained by the in vitro bacteriostatic instead of bactericidal activity against A. baumannii.
Tigecycline has high penetration in tissues [15, 16] ; thus, we found a serum and lung C max of 1.92 mg/L and 8.29 μg/ g, respectively. These figures are higher than those found in humans after doses of 50 and 100 mg, which show serum C max values of 0.38 and 0.91 mg/L [15, 17] , respectively, and the mean and median concentration values of tigecycline in the lungs after 100 mg were 0.50 and 0.31 μg/g (range: 0.11-1.89 μg/g) [18] . There are no definitive data regarding the pharmacodynamic variables predicting the in vivo efficacy of tigecycline. Several studies had addressed this issue, both in clinical trials and in experimental models of infection [15, 16] . Some authors suggest that, although tetracyclines do not exhibit concentration-dependent killing, if the antimicrobial agent has a moderate to prolonged postantibiotic effect (PAE), the time of exposure is less important and the AUC/MIC ratio is the best pharmacokinetic/pharmacodynamic parameter correlating with the therapeutic efficacy of these drugs [19] . Data obtained in animal models [17, 20] suggest that tigecycline activity b p=0.025 and p=0.007 compared to the controls and tigecycline, respectively depends on the time above the MIC and on the AUC/MIC. On the other hand, the relationship between the AUC, MIC, and the microbiologic results in clinical trials in complicated skin and soft tissue infections were revised recently [21, 22] , showing that an AUC/MIC ratio between 6.96 and 12.3 was necessary for a good clinical and microbiological response, with the predominant pathogens being Staphylococcus aureus and Streptococcus spp. However, although in our experiments the serum AUC/MIC of tigecycline was 9.24, we did not obtain the same favorable results in the pneumonia by A. baumannii. The clinical information on the relevance of tigecycline as an antimicrobial agent against A. baumannii is scarce. A clinical case of septic shock due to a multidrug-resistant A. baumannii strain in a patient with intra-abdominal abscess after acute pancreatitis, with failure during treatment with colistin plus meropenem, cured after the addition of tigecycline [23] . In the treatment of multi-resistant A. baumannii VAP in a recent study [8] , three patients were cured with tigecycline in monotherapy and 15 out of 19 patients (78.9%) cured when treated with tigecycline plus imipenem and/or colistin. In other study, only two out of five patients with A. baumannii VAP were cured with tigecycline in monotherapy or in combination [24] .
Peleg et al. [25] show the first clinical description of bloodstream infection caused by tigecycline-nonsusceptible A. baumannii. In their work, two patients developed breakthrough A. baumannii bacteraemia while receiving tigecycline for other indications. The MICs of tigecycline for these strains were 4 and 16 mg/L, respectively, and the resistance appears to be at least partly attributable to an efflux pump mechanism, since the exposure to an efflux pump inhibitor diminished the MIC of tigecycline 4 to 1 mg/L and from 16 to 4 mg/L, respectively. The authors conclude that, given the facility of A. baumannii to acquire resistance to other antimicrobials, exposure to sub-therapeutic levels of tigecycline for even short periods of time may promote the rapid emergence of tigecycline resistance. In this sense, a recent multicenter Spanish study obtained an MIC 90 of tigecycline for A. baumannii of 8 mg/L [26] , which is higher than that found previously by us [7] .
The results of the present experimental study and those from the clinical experience pointed to the necessity of evaluating tigecycline combined with other antimicrobials when treating severe A. baumannii infections. Thus, in a model of A. baumannii experimental murine pneumonia caused by imipenem-susceptible strains [9] , the treatment with other tetracyclines, such as doxycycline plus amikacin, was as efficacious as imipenem in reducing the mortality and the clearance of bacteria from the lungs, this combination being synergic in vitro.
However, in an in vitro study using time-kill curves [27] , the possible synergy of tigecycline plus amikacin, meropenem, imipenem, ciprofloxacin, levofloxacin, ampicillin-sulbactam, and rifampin has been evaluated against A. baumannii strains intermediate or resistant to carbapenems (MIC 90 of tigecycline of 2 mg/L), showing indifference for tigecycline in combination with these antimicrobials. Also, concentration escalation studies demonstrate that tigecycline may need to approach serum concentrations higher than those currently achieved to treat multidrug-resistant A. baumannii. In the same way, using checkerboard testing, tigecycline synergy was observed in only 1 of 5 strains when combined with cefepime or amikacin, and no synergy was shown with the combination of tigecycline with amoxicillin/cavulanate, piperacillin/ tazobactam, ceftriaxone, ceftazidime, imipenem, meropenem, aztreonam, trimethoprim/sulfamethoxazole, or ciprofloxacin [28] .
In summary, the present study, taking into account the limitations of the small size of the groups in the efficacy experiments, shows that tigecycline in monotherapy is less efficacious than imipenem in the treatment of experimental A. baumannii pneumonia caused by susceptible or intermediate to imipenem strains. However, due to its in vitro activity against multi-resistant A. baumannii, the high mortality of severe infections caused by this bacterium, such as VAP and bacteremia, and the paucity of therapeutic alternatives for these severe infections, new in vivo studies are needed to evaluate its efficacy in combination with other antimicrobials. 
